Radial glial cells (RGCs), a transient cell population present only in the developing CNS, function both as precursor cells and as scaffolds to support neuron migration. Their cellular origin, however, is not understood. In the present study, we tested the hypothesis that functional RGCs can be generated by multipotent neural stem cells. Embryonic forebrain neural stem cells were studied in vitro to identify putative signals that promote the generation and differentiation of functional RGCs, determined by their ability to support neuronal migration. Epidermal growth factor receptor signaling was sufficient to regulate both the generation and differentiation of morphologically, antigenically, and functionally defined RGCs. In contrast, fibroblast growth factor-2 promoted the generation of RGCs but was unable to support their differentiation. Although RGCs are not normally present in the adult brain, epidermal growth factor stimulated adult forebrain neural stem cells to generate RGCs in vitro and functional RGCs within the adult forebrain subependyma in vivo. Surprisingly, epidermal growth factor receptor signaling also promoted adult forebrain ependymal cells to dedifferentiate and adopt a radial morphology in vivo. These results suggest that neural stem cells can give rise to RGCs and that RGC-guided neuronal migration can be recapitulated in the adult CNS.
Introduction
During development of the murine telencephalon, the germinal zone contains a population of specialized cells called radial glial cells (RGCs) , which appear at approximately embryonic day (E) 13 (Kriegstein and Götz, 2003) . RGCs have their cell soma within the embryonic germinal zone, display a bipolar morphology with a single, elongated process that extends basally to the pial surface, and are distinguished from other radial cell populations, such as neuroepithelial cells, by displaying neuroepithelial and astroglial characteristics (Kriegstein and Götz, 2003) . They serve an important structural role by supporting the migration of neurons born in the germinal zone to their appropriate location within the developing CNS (Rakic, 1972; de Carlos et al., 1996) , and recent findings suggest that RGCs also function as neuronal and glial precursor cells (Götz et al., 2002; Malatesta et al., 2003) . Despite their significant role in the development of the CNS, the generation of RGCs is not well understood.
Neural stem cells (NSCs) are self-renewing, multipotent cells that reside in the germinal zone and are thought to play a fundamental role in the generation of the diverse cell types of the CNS (Anderson, 2001 ). In the murine forebrain, NSCs appear as early as E8.5 and are characterized by their proliferation, in vitro, in response to fibroblast growth factor-2 (FGF-2) . At E11-12 a second population of NSCs appears that divide in response to either epidermal growth factor (EGF) or transforming growth factor ␣ (TGF␣) . Given that growth factor-responsive NSCs are present in the CNS before the appearance of RGCs, it seems reasonable to propose that RGCs are the product of NSCs; however, such a relationship has yet to be established.
In the adult mammalian forebrain, a population of NSCs persists in the lateral ventricle subependyma and functions in the generation of new neurons destined for the olfactory bulb Lois and Alvarez-Buylla, 1994; Doetsch et al., 1999; Shingo et al., 2003) . Despite the presence of adult NSCs, mammals are unable to regenerate damaged forebrain tissue, and indeed the progeny of adult forebrain NSCs appear to be specifically channeled to the olfactory bulb along a pathway enclosed by astrocyte processes (Doetsch et al., 1997) . RGCs are no longer present in the adult brain (Voigt, 1989) , and this may be a limiting factor in the ability of adult NSCs to direct their progeny to other regions of the brain. This is in stark contrast to the adult brains of lower vertebrates, where RGCs persist into adulthood and contribute to the ability of these animals to regenerate damaged CNS tissue (Bruni, 1998; Font et al., 2001; Zupanc, 2001; Götz et al., 2002) . If NSCs are indeed the precursors to RGCs, environmental influences may limit their generation in the adult mammalian brain.
In the present study, we hypothesized that embryonic NSCs have the ability to give rise to functional RGCs and that understanding the signals that regulate the generation of RGCs may permit their production by NSCs in the adult CNS. We have identified EGF receptor (EGFR) signaling as being sufficient to promote the generation and differentiation of functional RGCs from embryonic forebrain NSCs in vitro. We found that EGF stimulated the generation of RGCs from adult NSCs in vitro and promoted the appearance of functional RGCs and radial ependymal cells in vivo within the adult forebrain.
Materials and Methods
Neurosphere cultures and sectioning for immunocytochemistry. Embryonic NSCs were cultured as neurospheres from tissue dissected from the ganglionic eminence of E14 CD-1 mice, as we have described recently in detail ). Morning of vaginal plug was designated E0.5. NSCs were cultured in the presence of FGF-2 (20 ng/ml; R & D Systems, Minneapolis, MN) always together with heparin sulfate (HS) (2 g/ml; Sigma, St. Louis, MO) or EGF (20 ng/ml; Peprotech) or TGF␣ [20 ng/ml; Invitrogen (San Diego, CA) or Peprotech]. Second generation (pass 1) 7 d in vitro (DIV) neurospheres were differentiated intact in the RGC outgrowth assay (as described below) or were treated as follows. Neuropheres were rinsed in basal media, dissociated, and plated at a density of 200,000 cells per milliliter onto poly-L-ornithine-coated coverslips for 30 min in 300 l of basal media in 24-well plates (Nunc, Naperville, IL) to allow the cells to settle and subsequently be assessed for the presence of undifferentiated cells expressing RGC antigens. Alternatively, to assess differentiation of neurosphere cells expressing RGC antigens, dissociated cells were plated for 14 -16 hr at a density of 100,000 cells per milliliter in 1 ml of basal media or EGF media. Cells were then fixed in 4% paraformaldehyde and processed for immunocytochemistry.
Adult neurosphere cultures were generated as described by Shimazaki et al. (2001) in the presence of EGF media (20 ng/ml) from the periventricular region of 2-to 3-month-old CD-1 male mice. The adult neurospheres were then processed either for sectioning or for the RGC outgrowth assay as described below. For sectioning, the adult neurospheres were allowed to settle in 15 ml Falcon tubes for 15-20 min, after which the media was removed and replaced with 4% paraformaldehyde for 20 min at room temperature. The paraformaldehyde was then aspirated off and replaced with 10% sucrose in PBS o/n at 4°C, followed by 25% sucrose in PBS overnight at 4°C. The sucrose was aspirated off of the pellet and replaced with O.C.T. compound (Miles, Elkhart, IN) and then embedded and frozen in a cryomold. Neurospheres were then cryosectioned at 14 m and processed for immunocytochemistry.
RGC outgrowth assay. To assess the ability of different growth factors to control the elongation of RGCs, pass 1 neurospheres grown in FGF-2ϩHS, EGF, or TGF␣ for 7 DIV were allowed to settle for 15-20 min in a Falcon tube. The growth factor containing the media was aspirated off, and spheres were rinsed in basal media. Individual neurospheres, 150 -200 m in diameter, were transferred to poly-L-ornithine-coated 96-well plates (Nunc) containing FGF-2ϩHS, EGF, or TGF␣ media at a density of 30 -40 spheres per well. The spheres were then cultured for an additional 5 DIV to allow for the formation of RGC processes between the spheres and then either quantified or processed for immunocytochemistry. To assess for the presence of migrating neurons, cells on the radial processes were observed over time by taking a photograph every 10 min for 4 hr using a Leica DMIL inverted fluorescence microscope. To induce neuronal differentiation on the radial glial processes, growth media was removed and replaced with basal media for 48 hr. Processing for immunocytochemistry was performed by gently removing the growth media with a pipette and adding 4% paraformaldehyde in PBS for 30 min. Wells were then gently washed with PBS by changing solutions using a pipette. All primary antibodies were applied for 48 hr at 4°C, and secondary antibodies were applied for 2 hr at room temperature. Photos were taken through the bottom of the culture plates using the inverted fluorescent microscope.
MAPK inhibition study. Pass 1, 7 DIV EGF-derived E14 neurospheres were rinsed in basal media and then pretreated for 2 hr in basal media containing either 5 M of the extracellular signal-related kinase (ERK)-1/2 specific inhibitor UO126 (Cell Signaling Technology, Beverly, MA) (10 mM stock was diluted in DMSO) or the equivalent volume of DMSO (BDH Chemicals, Toronto, ON). After this pretreatment, the following experiments were performed. Neurospheres were dissociated, and cells were plated on poly-L-ornithine-coated coverslips at a concentration of 100,000 cells per milliliter in 24-well plates (Nunc) in the presence of either EGFϩDMSO-containing media or EGFϩUO126-containing media. After 14 -16 hr, the cells were fixed and labeled for rapid cell 2 (RC2) to determine the percentage of RC2-expressing cells that adopted a radial morphology, defined as bipolar with one or both processes at least two cell bodies in length. Alternatively, 30 -40 individual neurospheres, 150 -200 m in diameter, were plated in each well in 96-well plates coated with poly-L-ornithine in the presence of EGF media containing either UO126 or DMSO. After 3 DIV, the percentage of neurospheres that had extended RGC processes was determined.
Western blotting. Whole protein extractions from 10 ml pass 1 E14 neurosphere cultures were performed as described by Shingo et al. (2001) . Pass 1 EGF-derived neurospheres were rinsed in basal media for 6 hr to bring levels of phosphorylated mitogen-activated protein kinase (MAPK) to baseline (time 0 min was at the end of the 6 hr). Cells were then treated with FGF-2, EGF, or TGF␣ and harvested for protein after 5 and 15 min. In each experiment, 25 g of protein was fractionated by 10% SDS-PAGE and transferred to nitrocellulose membranes (Bio-Rad, Hercules, CA). The membranes were blocked in blocking buffer (25 mM Tris-HCl, pH 7.5, 0.5 M NaCl, 0.3% Tween 20, and 5% nonfat skim milk) and incubated with the following primary antibodies overnight at 4°C (final concentration; source): rabbit anti-phospho MAPK (1:1000; Cell Biology Technologies); rabbit anti-MAPK (1:1000; Cell Biology Technologies); goat anti-actin (1:1000; Santa Cruz Biotechnology, Santa Cruz, CA). Blots were washed and probed with the appropriate peroxidase-conjugated secondary antibodies (1:5000; Jackson ImmunoResearch,West Grove, PA). Immunoreactivity was developed by enhanced chemiluminescence (Amersham Biosciences,Arlington Heights, IL).
Intracerebroventricular infusions. Intracerebroventricular infusions were performed as described by Shimazaki et al. (2001) using 2-to 3-month-old CD-1 male mice. FGF-2 (33 g/ml) plus HS (930 g/ml), EGF (33 g/ml), TGF␣ (33 g/ml), or vehicle control (0.9% saline containing 1 mg/ml mouse serum albumin) infusions were performed intracerebroventricularly for 6 d at a rate of 0.5 l/hr using an osmotic pump (Alzet 1007D; Alza Corporation, Palo Alto, CA). On the sixth day of infusion, all animals were injected with bromodeoxyuridine (BrdU; Sigma; 120 mg/kg, i.p. dissolved in 0.007% NaOH in phosphate buffer) every 2 hr for 10 hr and killed 0.5 hr after the last injection. For 12 d EGF infusions, the pump was changed to a new full pump after 7 d. Animals were killed by anesthetic overdose, perfused with 4% paraformaldehyde, cryosectioned, and analyzed by immunohistochemistry. Brains were serially sectioned in a one in seven series, 10 14 m sections per slide, and one slide was counted for each animal for quantification purposes.
Immunocytochemistry and immunohistochemistry. Primary antibodies used were as follows: mouse anti-RC2 (neat; Developmental Hybridoma Bank; 1:100, a generous gift from Dr. P. LePrince, University of Liege, Belgium), mouse anti-nestin (neat; Developmental Hybridoma Bank), rabbit anti-nestin (1:100; a generous gift from Dr. U. Lendahl, Karolinska Institute, Sweden); rabbit anti-GFAP [1:400 (Biomedical Technologies, Stoughton, MA); 1:800 (Sigma)], mouse anti-TuJ1 (1:500; Sigma), mouse anti-Tau (1:100; PharMingen, San Diego, CA), mouse anti-Hu (1:20; Molecular Probes, Eugene, OR), rabbit anti-astrocyte-specific glutamate transporter (GLAST) (1:100; generous gift from M. Watanabe, Hokkaido University School of Medicine, Japan), mouse anti-Vimentin (1:100; Boehringer Mannheim, Mannheim, Germany), rabbit anti-brain lipid binding protein (BLBP) (1:800; generous gift from N. Heintz, Rockefeller University, New York, NY), rabbit anti-phospho signal transducer and activator of transcription-3 (STAT3) (1:100; Cell Biology Technologies), rabbit anti-phospho MAPK (1:100; Cell Biology Technologies), mouse anti-s100␤ (1:1000; Sigma), rat anti-BrdU (1:50; Harlan Seralab), rabbit anti-FGF receptor-1 (FGFR1) (1:50; Santa Cruz Biotechnology), rabbit anti-FGFR2 (1:50; Santa Cruz Biotechnology), sheep anti-EGFR (1:50, Biodesign), and goat anti-doublecortin (1:200; Santa Cruz Biotechnology). Terminal deoxynucleotidyl transferase-mediated biotinylated UTP nick end labeling (TUNEL) was performed using the Roche (Indianapolis, IN) in situ cell death kit according to the manufacturer's instructions.
For immunohistochemical analysis on embryonic tissue sections, timed pregnant mice were killed, and the brain was removed from E14 embryos, fixed in 4% paraformaldehyde for 2 hr on ice, and then cryoprotected with 25% sucrose overnight. For adult tissue sections, 6-to 8-week-old mice were perfused with 4% paraformaldehyde, and the brains were dissected and placed in 4% paraformaldehyde overnight at 4°C and then cryoprotected overnight in 10%, followed by 25% sucrose. All tissue was embedded in Tissue Tek O.C.T. compound (Sakura Finetek, Torrance, CA) and cryosectioned at 14 m. Tissue was analyzed using antibodies listed previously. For BrdU staining, tissue sections were treated with 1 M HCl for 30 min at 60°C to denature cellular DNA, and sections were treated in ice-cold methanol for 6 min for RC2 staining. Primary antibodies were followed by incubation with fluorescein-, rhodamine-, or 7-amino-4-methylcoumarin-3-acetic acid-conjugated secondary antibodies against mouse, sheep, or rabbit IgG or by using biotin-conjugated secondary antibodies followed by Cy3-streptavidin (Jackson ImmunoResearch). Sections and coverslips were mounted and viewed or photographed with a Zeiss Axiophot fluorescence microscope. Confocal analysis was performed using an Olympus Fluoview BX-50 laser scanning confocal microscope.
Statistical analysis. Values are means Ϯ SEM. Statistical significance between groups was assessed using ANOVA and the Tukey-Kramer post hoc test, or paired t test where noted.
Results

Embryonic NSCs can generate prospective RGCs
We hypothesized that RGCs are derived from NSCs during development and undertook an in vitro approach to determine whether NSCs have the capacity to give rise to RGCs and what signaling pathways might regulate this process. Our first objective was to identify putative extracellular signals that could stimulate the generation of RGCs from embryonic NSCs. The growth factors FGF-2 and EGF have been demonstrated to induce embryonic forebrain NSC proliferation. Thus, we asked whether these growth factors were also capable of inducing embryonic NSCs to generate the prospective radial cell populations of the developing forebrain, which include both RGCs and neuroepithelial cells (Kriegstein and Götz, 2003) . NSCs were isolated from the ganglionic eminence of E14 murine embryos and cultured in vitro in the presence of FGF-2 or EGF. The resulting neurospheres Reynolds and Weiss, 1996) generated by the NSCs in each condition were acutely dissociated and plated on poly-Lornithine. Cultures were examined for the presence of prospective radial cells by the markers RC2 (Misson et al., 1988) and nestin (Hockfield and McKay, 1985) 30 min after plating ( Fig.  1 A-C) . Both FGF-2 and EGF generated a similar number of RC2/ nestin-positive cells (29.5 Ϯ 9.2 and 35.3 Ϯ 4.3%, respectively, of the total cell population).
These results suggested that embryonic NSCs may be capable of generating prospective radial cell populations in response to either FGF-2 or EGF. Regardless of the initial growth factor conditions, however, very few RC2/nestin-expressing cells derived from the dissociated neurospheres adopted a radial morphology in basal media devoid of added growth factors, even after extended periods of differentiation on adherent substrates (data not shown). This prompted us to investigate putative extracellular and intracellular factors capable of signaling the differentiation of prospective radial cell populations from embryonic NSCs.
EGF promotes RGC differentiation
We hypothesized that growth factors, which promote the proliferative state of precursor cells, may also play a role in regulating radial cell differentiation. We first examined whether differentiated radial cells in the developing ventral forebrain in vivo expressed the receptors for the growth factors FGF-2 or EGF. Immunohistochemical analysis revealed that radial cell populations residing in the lateral ganglionic eminence, identified by RC2 immunoreactivity, did not express the FGF-2 receptor FGFR1 at either E11.5 (beginning of neurogenesis) (Fig. 2 A-C) or E14.5 (peak of neurogenesis) (Fig. 2 J-L) . FGF-2, however, can also bind FGFR2 with high affinity (Miki et al., 1992) . Analysis of FGFR2 expression revealed its presence on radial cells at both E11.5 (Fig. 2 D-F ) and E14.5 (Fig. 2 M-O) in the lateral ganglionic eminence. Radial cell populations also expressed the EGFR at both E11.5 (Fig. 2G-I ) and E14.5 (Fig. 2 P-R) . These findings are consistent with a possible role for both FGFR2 and EGFR signaling in the regulation of the differentiation of the radial cell populations residing in the developing ventral telencephalon.
We first focused on testing the putative action of EGF on RGC differentiation, given previous studies that have shown that EGFRs play a key role in glial cell differentiation (Burrows et al., 1997 (Burrows et al., , 2000 . Neurospheres originally generated in EGF were dissociated and then plated on an adhesive substrate for 14 -16 hr in the absence or presence of EGF. Counting of cells that both expressed RC2 and displayed an elongated, radial morphology revealed that EGF strongly promoted RGC differentiation. The percentage of radial RC2-expressing cells was increased by 7.5-fold in the presence of EGF (basal media ϭ 3.0 Ϯ 0.6%; EGF media ϭ 23.6 Ϯ 3.3%; n ϭ 3; paired t test, p ϭ 0.02) (see supplementary Fig. 1 A-D, available at www.jneurosci.org). Further analysis revealed that all radial RC2-expressing cells generated in the EGF differentiation condition also expressed GLAST (supplementary Fig. 1 E, F ) and therefore displayed both the neuroepithelial and astroglial characteristics indicative of RGCs. To address the possibility that EGF may be acting as a survival factor for RGCs, we compared the percentage of RC2-immunoreactive cells that labeled for the apoptotic indicator TUNEL in EGF media relative to that found in basal media. We found that after a 14 -16 hr culture period there was no difference in the percentage of RC2ϩ/TUNELϩ cells when comparing the EGF and basal media conditions (EGF media: 18.3 Ϯ 3.5%; basal media: 16 Ϯ 3.9%; n ϭ 3). These data suggest that EGF promotes the differentiation of RGCs rather than their survival.
Despite this apparent enhancement of RGC differentiation, these results did not establish the generation and differentiation of bona fide, functional RGCs capable of supporting neuronal migration. To examine this, we plated ϳ30 -40 intact EGF-generated neurospheres on poly-L-ornithine, in the presence of either basal media or EGF-containing media for 5 d to monitor the formation of radial processes that support neuronal migration. We initially confirmed that this assay was appropriate for studying the differentiation of functional RGCs by examining the extension of elongated processes from and between individual neurospheres. Intact neurospheres differentiated in basal media did not give rise to radial processes (Fig. 3A) ; however, neurospheres differentiated in the presence of EGF gave rise to long, thin processes that extended between adjacent neurospheres, occurring at a frequency of approximately one to two (1.5 Ϯ 0.2) processes per neurosphere ( Fig. 3B ) (n ϭ 4). Phase-contrast images suggested that the processes were actively supporting the migration of immature neurons (Fig. 3B, inset ), similar to previous in vitro descriptions of RGCs supporting neuronal migration (Edmondson and Hat- , 1987; Feng et al., 1994; Anton et al., 1997) ; however, it has been suggested that immature neurons can also migrate on axons (Golden et al., 1997) . To determine whether the long, thin processes were indeed RGC processes rather than axons, the expression of neuronal-axonal versus RGC markers was examined. The elongated processes that extended between neurospheres in response to EGF did not express the neuron-specific marker TuJ1 (Fig. 3C ,CЈ) or the axonal marker tau (data not shown) and therefore were likely not neuronal in nature; however, these processes did express the RGC markers BLBP (Fig. 3 D, DЈ) (Feng et al., 1994) , nestin (Fig. 3E ,EЈ), GLAST (Fig. 3G ,GЈ) (Hartfuss et al., 2001) , and vimentin (data not shown). These results confirmed that the EGF-induced processes, extending between neurospheres, morphologically and antigenically resemble the process extensions characteristic of RGCs, displaying both astroglial (BLBP and GLAST immunoreactivity) and neuroepithelial (nestin and vimentin immunoreactivity) characteristics (Kriegstein and Götz, 2003) . To ask whether the RGC-like cells generated by NSCs were functional by virtue of their ability to support migration of immature neurons on their processes, we used time-lapse microscopy. We found that cells attached to RGC processes were indeed migrating ( Fig. 3F ) and had the characteristic morphology of motile neurons, with an elongated process extending in the direction of movement (Fig. 3F , white arrowhead in middle panel) (Edmondson and Hatten, 1987; Nadarajah and Parnavelas, 2002) . Migrating cells appeared to move between the neurospheres, at times exiting one neurosphere and traveling along the glial process to enter a second neurosphere. To confirm a neuronal nature of the migrating cells, the EGF-containing media was removed and replaced with basal media for 48 hr to allow for neuronal differentiation. After this treatment, cells in contact with RGC (GLAST-positive) processes expressed the neuronal markers TuJ1 (Fig. 3G,GЈ) and Hu (Fig. 3H ). These findings demonstrate that EGF can promote the generation and differentiation of functional RGCs from embryonic NSCs.
FGF-2 does not promote RGC differentiation
We next asked whether FGF-2 or a different EGFR ligand, TGF␣, could mimic the ability of EGF to promote RGC differentiation. To address this issue, neurospheres were generated from the E14 ganglionic eminence in the presence of FGF-2, EGF, or TGF␣, differentiated in the presence of the homotypic or a heterotypic growth factor, and the percentage of neurospheres extending at least one RGC process was quantified. Virtually none of the neurospheres gave rise to RGC processes when differentiated in the presence of FGF-2 (Fig. 4 A, D) , independent of their primary source; however, Ͼ50% of neurospheres generated in FGF-2 gave rise to RGC processes when differentiated in the presence of either EGF (54.9 Ϯ 5.1%) or TGF␣ (51.0 Ϯ 7.0%). Similarly, 57.5 Ϯ 6.0% of EGF neurospheres gave rise to RGC processes when differentiated in EGF (Fig.  4 B, D) , and 56.3 Ϯ 8.7% of TGF␣ neurospheres gave rise to RGC processes when differentiated in TGF␣ (Fig. 4C,D) . No significant difference in the average number of RGC processes per process-bearing sphere was observed between the EGF and TGF␣ conditions (data not shown). These findings suggest that EGFR signaling is indeed necessary for RGC differentiation in vitro and that both EGF and TGF␣ support this process.
We hypothesized that the difference between FGF-2 and EGF-TGF␣ signaling, with respect to RGC differentiation, may be related to a differential activation of either the MAPK or STAT-3 signaling pathways. Both signaling pathways are activated by receptor tyrosine kinases (Marshall, 1995) and are thought to regulate precursor cell proliferation and the development of glial cell lineages during development (Bonni et al., 1997; Rajan and McKay, 1998) . We first analyzed the expression of phosphorylated STAT3 (P-STAT3) and MAPK (P-MAPK) in the RGC population of the E14 forebrain. Surprisingly, P-STAT3 did not appear to be expressed within the germinal zone or the RGC population of the ventral forebrain (Fig. 4 E-G) but was expressed within the developing cortical plate (Fig. 4 H) . In contrast, P-MAPK was particularly heavily expressed within the RGC population of the E14 ventral telencephalon (Fig. 4 I-L) , suggesting that MAPK activation rather than STAT3 activation may play a key role in regulating RGC differentiation.
Given that previous studies have suggested that qualitative and quantitative differences in MAPK activation appear to play a large role in the specific effects of different receptor tyrosine kinase signaling pathways (Marshall, 1995) , we asked whether there may be differences between FGF-2 and EGF in MAPK activation that could potentially explain the inability of FGF-2 to induce RGC differentiation. To examine this possibility, EGF-generated neurospheres were rinsed in basal media for 6 hr to allow P-MAPK levels to return to baseline (time 0 was the end of the 6 hr period). After this rinse, neurospheres were treated with either FGF-2 or EGF for 5 or 15 min, and the level of P-MAPK relative to total MAPK was then examined by Western blotting. Decreased levels of P-MAPK were observed in the FGF-2 condition relative to EGF at both the 5 min (data not shown) and 15 min (Fig. 4 M) time points. Previous dose-response studies in our lab found 20 ng/ml to be the maximal dose effect for FGF-2 in our 
-D, Neurospheres grown (G) in FGF-2 (F), EGF (E), or TGF␣ (T) were differentiated (D)
in the presence of FGF-2, EGF, or TGF␣, and the percentage of neurospheres extending at least one RGC process was determined. Neurospheres grown in the presence of FGF-2 and differentiated in the presence of FGF-2 gave rise to almost no RGC processes relative to differentiation in the presence of either EGF or TGF␣ (**p Ͻ 0.0001; n ϭ 3; arrows in images indicate RGC processes). Scale bar, 100 m. Neurospheres grown in EGF and differentiated in FGF-2 also gave rise to very few RGC processes relative to differentiation in EGF (*p ϭ 0.017, paired t test; n ϭ 3); similarly TGF␣-grown neurospheres gave rise to very few RGC processes in FGF-2 compared with TGF␣ (*p ϭ 0.015, paired t test; n ϭ 3). E-G, P-STAT3 was not expressed by RC2-expressing radial cell population of the E14 lateral ganglionic eminence (LGE). Scale bar, 50 m. H, P-STAT3 expression was observed in the developing cortical plate. I-L, P-MAPK was heavily expressed by RC2-expressing radial cells in the E14 LGE. Scale bar: in MERGE, 20 m. CTX, Cortex. M, Western blot analysis revealed that EGF-derived neurospheres, rinsed in basal media for 6 hr (6 hr time point is time 0) and then pulsed with either FGF-2 or EGF for 15 min, displayed decreased P-MAPK levels in the FGF-2 condition relative to EGF (similar results were obtained in 3 independent experiments). N, The inhibition of MAPK activation by UO126 (an ERK1/2-specific inhibitor) during neurosphere differentiation significantly reduced the percentage that extended RGC processes (**p ϭ 0.0084; paired t test; n ϭ 3). O, P, Of the RC2-expressing cells (green) from dissociated EGF-derived E14 neurospheres, 29.6 Ϯ 6.1% adopted a radial morphology in the presence of EGFϩDMSO after 14 -16 hr of differentiation (O, arrows). Scale bar, 20 m. Only 5.63 Ϯ 1.6%, however, adopted a radial morphology in the presence of EGFϩU0126 (P; examples of nonradial cells are indicated by arrowheads; Hoechst is shown in blue; paired t test, p ϭ 0.035; n ϭ 3).
culture system (S. Weiss, unpublished results). Therefore the lower level of P-MAPK that we observed in response to FGF-2 relative to EGF appears to be a characteristic of the FGF-2 signaling pathway rather than an issue of dose effect. These results suggest that lower levels of MAPK activation may at least partially underlie the inability of FGF-2 to induce RGC differentiation.
To test whether a robust activation of MAPK was indeed required for the differentiation of radial glia, whole EGF-generated neurospheres were differentiated in the presence of either EGFϩDMSO or EGFϩUO126 (an Erk1/2-specific MAPK inhibitor) for 3 DIV. The inhibition of MAPK activation resulted in a 65% decrease in the number of neurospheres that extended RGC processes in response to EGF (Fig. 4 N) ( p ϭ 0.0084) , suggesting a requirement for the activation of this pathway in RGC differentiation. To be certain that the observed decrease in RGC process extension was caused by the inhibition of RGC differentiation and not just an effect on proliferation or cell death within neurospheres, we performed a second experiment. EGFgenerated neurospheres were dissociated, and the cells were plated on poly-L-ornithine-coated coverslips in the presence of either EGFϩDMSO or EGFϩU0126 for 14 -16 hr, after which the percentage of RC2-expressing cells that had adopted a radial morphology was assessed. In the presence of EGFϩDMSO, 29.6 Ϯ 6.1% of RC2-expressing cells adopted a bipolar, radial morphology (Fig. 4O) ; however, the presence of the MAPK inhibitor U0126 resulted in a significant attenuation of the differentiation of these cells, reducing the percentage of radial RC2-expressing cells to only 5.63 Ϯ 1.6% of the total RC2-expressing cell population (Fig. 4 P) (paired t test; p ϭ 0.035; n ϭ 3). These results suggest that the activation of MAPK signaling is required for RGC differentiation and that the low level of MAPK activation induced by FGF-2 likely underlies the lack of RGC differentiation in response to this signaling molecule.
EGFR signaling promotes the generation and differentiation of prospective RGCs in the adult forebrain
Although NSCs continue to be present within the adult forebrain, RGCs are not. Indeed, previous studies have suggested that the RGC-specific antigens BLBP and RC2 are absent from the adult forebrain (Misson et al., 1988; Feng et al., 1994; Chanas-Sacre et al., 2000) . Given our findings that embryonic NSCs can give rise to RGCs, we hypothesized that adult NSCs retain this intrinsic capacity but the environment of the adult forebrain does not support their generation. We asked whether adult NSCs induced to proliferate and form neurospheres in the presence of EGF, which promotes the RGC fate, would generate cells expressing RGC antigens. Immunolabeling of cryosections of EGFgenerated adult neurospheres revealed cells that coexpressed the RGC markers RC2, BLBP, and nestin ( Fig. 5A-F ) , in a manner identical to that seen with embryonic forebrain neurospheres (data not shown). Moreover, when populations of adult EGFgenerated neurospheres were differentiated in the continued presence of EGF, we observed a pattern of RGC process outgrowth and neuronal migration between neurospheres that was identical to that seen with embryonic neurospheres (data not shown). These results demonstrated that adult NSCs retain the capacity to give rise to RGCs in vitro. Because both the FGF (Gonzalez et al., 1995) and EGF (Seroogy et al., 1995) receptors are present in the periventricular region of the adult, we proceeded to ask whether RGCs might be generated in vivo within the adult subependyma.
To ask whether RGCs could be generated within the adult forebrain, growth factors were infused into the lateral ventricles of adult male mice after which the presence of prospective RGCs was analyzed by immunohistochemistry. Examination of the lateral ventricle contralateral to the infusion revealed that vehicle control infusions did not give rise to prospective RGCs in the adult subependyma, as determined by the absence of RC2 expression (Fig. 6 A) (higher magnification images are shown in supplementary Fig. 2 A,B) . The infusion of FGF-2 (Fig. 6 B) , EGF (Fig.  6C ), or TGF␣ (Fig. 6 D) , however, resulted in the appearance of RC2-expressing cells around the circumference of the lateral ventricles. During mouse development, RC2-expressing RGCs do not normally express the astroglial marker GFAP until their transformation into astrocytes. To determine whether the RC2-expressing cells generated in the infused mice displayed characteristics of astrocytes or rather resembled RGCs, we double labeled sections from infused animals with antibodies against RC2 and GFAP. After FGF-2 infusions, RC2-expressing cells in the subependyma coexpressed the astrocyte marker GFAP (Fig. 6 E-G) ; however, RC2-expressing cells in the subependyma did not express GFAP after either EGF (Fig. 6 H-J ) or TGF␣ infusions (Fig. 6 K-M ) . These results suggested that prospective RGCs were being generated in the adult subependyma in response to EGF or TGF␣ (but not FGF-2) infusions.
Closer examination of the morphology of the RC2-expressing cells within the subependyma, after FGF-2 infusions, revealed a multipolar, astrocytic morphology consistent with the coexpression of the astrocyte marker GFAP (Fig. 7A) . We used confocal microscopy to clearly discern the morphology of the RC2-expressing cells generated within the subependyma of EGF-and TGF␣-infused animals. Rotations of Z-stacked confocal sections of RC2 staining in the subependyma of EGF-infused (Fig. 7B) or TGF␣-infused (data not shown) animals revealed the presence of single, elongated processes that extended from the ventricular surface into the surrounding parenchyma (also see supplementary movie 1). The RC2-expressing cells within the subependyma of EGF-infused animals coexpressed the RGC markers BLBP (Fig. 7C-E ) and nestin (Fig. 7F-H ) . A small number of BLBPexpressing cells that did not coexpress RC2 were observed within the subependyma of control infused animals (supplementary Fig. 2C,D) . Interestingly, some of the elongated RC2-expressing cells incorporated BrdU (Fig. 7 I, J ) , indicating that like embryonic RGCs, these cells were mitotically active. Elongated RGC processes that extended from the ventricular surface were not confined to the proliferating adult subependyma, but some extended well into the surrounding parenchyma (Fig.  7L ). These findings demonstrate that EGF or TGF␣ (but not FGF-2) infusions promote the appearance of cells in the adult forebrain subependyma that morphologically and antigenically resemble RGCs.
Newly generated RGCs support neuronal migration in the adult CNS
It has been reported previously that the infusion of EGF or TGF␣, but not FGF-2, results in the migration of newly generated cells out of the subependyma and into the striatum (Craig et al., 1996) . Given our observations that some newly generated RGC processes extended beyond the subependyma and into the striatum, we asked whether these RGCs play a role in supporting the migration of newly generated cells along their processes. Double labeling with RC2 and BrdU revealed examples of newly generated cells (with nuclei that had incorporated BrdU and had an elongated, flattened migratory morphology) (Fig. 8 A) that appeared to be exiting the subependyma closely opposed to RGC processes (Fig. 8 B, C) , consistent with their proposed function as a migratory substrate. To determine whether these were indeed migrating neurons, we examined the expression of doublecortin, which specifically labels newly generated, migratory neurons (Arvidsson et al., 2002) . In vehicle-infused animals, doublecortin-expressing neurons were located close to the ventricular surface, and none were observed to have a leading migratory process that extended within the transverse plane, consistent with their rostral movement toward the olfactory bulb (Fig. 8 D) (n ϭ 3). In animals that had been infused with EGF, however, 19.3 Ϯ 5.3% of doublecortin-expressing neurons (n ϭ 3) exhibited an elongated, motile morphology within the transverse plane, and some of these cells appeared to be migrating out of the subependyma toward the striatum (Fig. 8 E, F ) . To determine whether these neurons were using RGC processes as a migratory substrate, we double labeled tissue sections from EGFinfused animals with doublecortin and RC2. Figure 8G -K shows confocal images of a doublecortin-expressing neuron with a migratory morphology, in which a single elongated leading process extended away from the neuronal cell body (Fig. 8G ) is closely associated with an RC2-expressing RGC process (Fig. 8 H, I ). This association is indicative of a migratory support function by 
E-M, The relationship between RC2-immunoreactive cells and GFAP-immunoreactive astrocytes within the subependyma of FGF-2-infused ( E-G), EGF-infused ( H-J),
and TGF␣-infused ( K-M) animals was examined. RC2-immunoreactive cells within FGF-2-infused animals coexpressed GFAP, suggesting that they were astrocytes; however, RC2 cells did not express GFAP, in either the EGF-or TGF␣-infused animals, which is characteristic of prospective RGCs. Scale bar: (in E), E-M, 100 m.
the radial glial process for the migrating neuron. Closer analysis, by rotating the confocal image, revealed that the leading neuronal process wrapped around the RC2-expressing RGC process (Fig.  8 J, K ) in a manner that is similar to previous descriptions of neurons migrating on RGCs during development (Rakic et al., 1974) . Counting revealed that 35.3 Ϯ 1.5% (n ϭ 3) of the neurons migrating within the transverse plane, within EGF-infused animals, appeared to be using RGC processes to support their migration. These findings suggest that many newly generated neurons within the EGFinfused adult forebrain appear to be using the RGC processes as a migratory substrate, supporting the contention that newly generated adult RGCs are functional in vivo.
Adult ependymal cells adopt a radial morphology in response to EGFR signaling in vivo
Adult ependymal cells, known to function in mediating the exchange of molecules between the brain parenchyma and the cerebrospinal fluid (Bruni, 1998) , have been suggested to be descendants of the embryonic ventricular zone (Takahashi et al., 1996) . Such a relationship is supported by recent studies that report that adult forebrain ependymal cells are NSCs (Johansson et al., 1999; Rietze et al., 2001 ). These findings, however, are the subject of great controversy, given that the results of other studies argue that these forebrain ependymal cells are not NSCs (Chiasson et al., 1999; Doetsch et al., 1999; Morshead and van der Kooy, 2001; Capela and Temple, 2002) . Nevertheless, because nearly all ventricular zone precursors are radial in morphology during early development (Malatesta et al., 2000; Götz et al., 2002; Noctor et al., 2002) , a putative relationship between these radial precursors and the adult ependyma remains possible. Given our results that indicate that EGFR signaling promotes the RGC phenotype, we asked whether EGFR activation of the ependymal cell population of the adult forebrain might modify their differentiated phenotype and induce them to take on a radial morphology.
The morphology of the ependymal cell population that lines the lateral ventricles of the forebrain was examined using the ependymal cell marker s100␤ (Chiasson et al., 1999) . Because this marker also labels some astrocytes, however, we colabeled the adult forebrain with GFAP ( Fig. 9 A, B) and determined that s100␤ specifically labels ependymal cells (and not astrocytes) in the periventricular region of the lateral ventricles. The ependymal cell population of vehicle-infused animals was a single cell layer, immediately adjacent to the ventricles, with normal, cuboidal morphology (Fig. 9C) . After FGF-2 infusions (Fig. 9D) , the ependyma also generally remained cuboidal, although a very small number of cells (2.2 Ϯ 1.0%) extended a short basal process away from the ventricular surface. Also, although s100␤ was not expressed in the subependyma of vehicle-infused controls (Fig. 9C) , there was an upregulation of s100␤ in cells within the subependyma of FGF-2-infused animals (Fig. 9D) . This observation is consistent with our previous demonstration that FGF-2 infusion promoted as- trogliogenesis in the subependyma (Figs.  6E-G, 7A) . Remarkably, after EGF (Fig. 9E) and TGF␣ (Fig. 9F) infusions, 48.9 Ϯ 14.9 and 66.9 Ϯ 5.9% of ependymal cells (Fig.  9G) , respectively, extended a single, long thin basal process away from the ventricular surface (also see supplementary movie 2). Double labeling of s100␤ with the RGC markers BLBP (Fig. 9H), RC2 (Fig. 9I) , and nestin (Fig. 9J) revealed that, although they displayed a radial morphology, ependymal cells did not express RGC antigens.
Closer analysis of EGF-and TGF␣-infused forebrains revealed some regional differences in the radial response of the ependymal cell population. Dorsally, many ependymal cells were found to have translocated their soma away from the ventricular surface and adopted a bipolar morphology (Fig. 10 A, B) . These cells left a short apical process and end foot contacting the ventricular surface and extended a basal process from the opposite side of the cell (Fig. 10 B) . Less frequently, ependymal cells along the medial aspect of the lateral ventricle were also observed to undergo this somal translocation away from the ventricular surface (Fig. 10C) , and these cells also left a trailing apical process attached to an end foot at the ventricular surface. The end foot could be clearly distinguished from the soma of resident ependyma by the absence (Fig. 10C , white arrows) versus the presence (Fig. 10C , red arrows) of nuclei revealed by the nuclear marker Hoechst. Remarkably, somal translocation was never observed among ependymal cells residing on the lateral aspect of the ventricle, in either EGF-or TGF␣-infused forebrains (Fig. 10A) (n ϭ 3) ; these cells extended only basal processes. Unlike the RGC processes, which often extended into the surrounding parenchyma, basal ependymal cell processes extended only to the limit of the growth factor-expanded subependyma (Fig. 10D) .
To determine whether the radial ependymal cells that appeared in response to EGF or TGF␣ infusion were mitotically active, adult forebrains were infused with either EGF or TGF␣ for 6 d; on the sixth day they received BrdU injections every 2 hr for a total of 10 hr. Scanning confocal microscopy was used to quantify the number of ependymal cells that were immunopositive for both s100␤ and BrdU. In all animals examined, we were unable to find a single example of an ependymal cell that had incorporated BrdU (Fig. 10 E-G) . Although some ependymal cells appeared to have incorporated BrdU, rotations of confocal images revealed that the BrdU labeling was not within the cell soma (Fig. 10 H-J ) and therefore was a different cell in close proximity. Thus, although many ependymal cells did apparently dedifferentiate and adopt a radial morphology in response to EGFR signaling, they did not become mitotically active.
Discussion
We tested the hypothesis that extrinsic signals are capable of regulating the generation and differentiation of RGCs from NSCs.
Our results suggest the following: (1) both embryonic and adult NSCs are able to give rise to antigenically, morphologically, and functionally defined RGCs; (2) the generation and differentiation of RGCs by NSCs is differentially regulated by FGF-2 and EGF-TGF␣ signaling; and (3) the activation of EGFR signaling within the adult forebrain germinal zone is sufficient to reestablish functional RGCs within the subependyma and, surprisingly, radial ependymal cells.
Generation and differentiation of functional RGCs by NSCs
RGCs, displaying both neuroepithelial and astroglial characteristics, first appear in the forebrain at approximately E13, and their number appears to increase as neurogenesis proceeds ( Misson et al., 1988; Hartfuss et al., 2001; Kriegstein and Götz, 2003) . Our results suggest that both FGF and EGF-TGF␣-responsive embryonic NSCs could contribute to the process of generating and expanding the population of RGCs within the developing forebrain. Although little is known regarding the in vivo cellular origin of radial glia in the embryo, our findings can be placed into context with some recent studies, which have proposed lineage relationships between NSCs and RGCs. Regarding NSCs giving rise to RGCs, Hartfuss et al. (2001) reported that 95% of the cells Figure 8 . EGF-generated RGCs support the migration of newly generated neurons in the adult forebrain. A-C, Confocal microscopy illustrates the flattened and elongated nuclei of newly generated cells (A, arrows; identified by BrdU) apparently exiting the subependyma (SE) laterally toward the striatum (STR). In the same field, elongated RC2-expressing processes (B, small arrows) extended laterally from the ventricular surface. The merged images show that the flattened and elongated BrdU-labeled cells were closely opposed to the RGC processes in an apparent migratory manner (C, arrows). D-F, Newly generated neurons labeled with doublecortin (DCX) remained close to the ventricular surface in vehicle-infused animals ( D) but migrated laterally (extending a leading process) toward the striatum in animals infused with EGF (E; enlarged in F ). Scale bar, 50 m. G-K, Confocal microscopy of a DCX-labeled migratory neuron on the lateral border of the subependyma ( G), closely associated with an elongated RC2-expressing RGC process (H, I ). Enlarged confocal images reveal that the neuron cell body contacts the radial glial process and the leading neuronal process is wrapped around it (J, 180°rotation in K ). Scale bar, 20 m.
within adult neurospheres were prospective RGCs on the basis of the expression of RC2, BLBP, and GLAST. This number seems unexpectedly high, however, given that 5% of the cells within adult forebrain neurospheres differentiate into oligodendrocytes, Ͼ10% become neurons, and 30 -60% become astrocytes Gritti et al., 1996) . Furthermore, Hartfuss et al. (2001) did not ascertain whether NSCs simply give rise to cells that express RGC markers or whether these cells were indeed functional RGCs. Defining RGCs functionally, on the basis of their ability to support neuronal migration, is an important distinction because not all cells within the embryonic germinal zone that express RGC markers or have a radial morphology function in this way. In fact, it has been demonstrated that some cells with a radial morphology divide in the germinal zone to give rise to daughter cells that do not migrate on radial processes but undergo somal translocation to "pull" themselves into position in the developing brain (Miyata et al., 2001; Nadarajah et al., 2001) . Indeed, numerous studies suggest that the radial cell populations of the developing brain are quite heterogeneous (Malatesta et al., 2000; Hartfuss et al., 2001; Malatesta et al., 2003; Kriegstein and Götz, 2003) .
This issue of radial cell heterogeneity is also relevant regarding RGCs functioning as multipotent NSCs. Although there is abundant evidence for RGCs functioning as major precursor cells during forebrain development (Kriegstein and Götz, 2003) , it is not yet clear whether some RGCs are also NSCs. It has been suggested that some RGCs may be NSCs on the basis of their ability to form neurospheres (Götz et al., 2002) ; however, the studies on which this suggestion was based relied on morphology and antigenic profile to identify RGCs, and therefore the relationship between functional RGCs that support neuronal migration and NSCs is still not known. Importantly, as discussed previously, some NSCs arise as early as E8.5, before the appearance of RGCs at E12-13, which suggests that some NSCs are not RGCs. It may be that some NSCs are radial neuroepithelial cells or perhaps even a rare population of nonradial precursors within the embryonic germinal zone (Fishell et al., 1993) . In any case, the findings in our study support the hypothesis that NSCs give rise to functional RGCs, and additional studies into putative subpopulations and precise lineage relationships are clearly warranted.
Our results also shed light on the signals involved in promoting RGC differentiation. RGC differentiation involves both establishment of the bipolar or unipolar morphology as well as the extension of the long basal process toward the pia. In fact, a recent study has demonstrated that some RGCs continually extend new basal processes during neurogenesis (Miyata et al., 2001) . Although we found that forebrain radial glia express both FGFR2 and EGFR, only signaling via the EGFR was able to promote RGC differentiation, both in vitro and in vivo. The inability of FGF-2 to promote RGC differentiation appears to be related, at least in part, to a decreased level of MAPK activation, which we have found to be heavily expressed by RGCs of the developing forebrain and required for RGC differentiation in vitro. Relevant to this point is a recent study by Ganat et al. (2002) , which reported that chronic hypoxia promoted the appearance of RGCs in rat pups, and this correlated with increased levels of FGF-1 and FGF-2 expression. Our results strongly suggest that FGF signaling is not sufficient to induce the RGC fate, and therefore it may be of interest to determine whether EGFR signaling molecules are also upregulated in response to chronic hypoxia.
Our gain-of-function evidence for a role for EGFR signaling in RGC generation and differentiation is novel given that this signaling pathway has previously only been implicated in regulating the multipotency of NSCs and the generation of astrocytes during development (Burrows et al., 1997) ; however, our preliminary assessment of RGCs in EGFR null mutant mice revealed no obvious phenotype (our unpublished observations). Given the presence of RGCs within a broad range of phylogenetically diverse species and that a proper RGC scaffold is likely essential to the normal development of the brain, it seems reasonable to propose that redundant pathways may have evolved to ensure their normal differentiation. Previous studies have shown that other EGFR-related members of the erbB receptor family likely can also promote RGC differentiation (Anton et al., 1997; Rio et al., 1997; Schmid et al., 2003) . In particular, erbB2 receptor mutant mice show abnormal RGC development (Anton et al., 1997) ; however, the erbB2 receptor has no known ligand and functions by heterodimerizing with each of the other erbB receptors, including the EGFR (Karunagaran et al., 1996; Graus-Porta et al., 1997; Deb et al., 2001) . Thus, the phenotype of the erbB2 null mutant mouse may be the result of the disruption of multiple erbB receptor signaling pathways. We therefore suggest that the absence of a RGC defect in the EGFR knock-out mouse is attributable to compensating pathways, some of which likely also signal via erbB receptor family members.
EGFR signaling is not the first signaling system shown to be capable of inducing the RGC fate. The activation of Notch signaling was able to promote the RGC fate in embryos transfected with activated Notch1 (Gaiano et al., 2000) ; however, at later stages of development, Notch1 signaling promoted the generation of astrocytes rather than RGCs (Chambers et al., 2001) , suggesting that Notch1 signaling alone is insufficient to act as an instructive determinant of the RGC fate. On the other hand, EGF signaling was sufficient to induce both embryonic and adult NSCs to produce functional RGCs in vitro. Moreover, in contrast to Notch actions, the ability of EGF to induce the appearance of functional RGCs in the adult subependyma in vivo illustrates an apparent lack of context dependence in inducing the RGC fate.
RGC reestablishment in the adult forebrain subependyma
Given the fundamental roles that RGCs play during development and their contribution to regenerative processes in lower vertebrates, it seems likely that the ability to reintroduce these cells in the adult germinal zone will benefit strategies to promote the endogenous regeneration of the CNS. This is particularly significant when placed in context with recent studies that have shown that the adult forebrain subependyma is the likely origin of new neurons that migrate to the striatum after stroke (Arvidsson et al., 2002; Kokaia and Lindvall, 2003) . These remarkable findings have raised the question of how newly generated neurons within the subependyma and rostral migratory stream, which are ensheathed by glial processes that normally channel their migration to the olfactory bulb (Doetsch et al., 1997) , can be redirected laterally into the striatum. Our findings suggest that RGCs generated within the adult subependyma are capable of directing lateral neuronal migration. Therefore, it may be that RGCs are involved in mediating the redirection of newly generated neurons within the subependyma after stroke. In support of this prospect is a recent study that showed that chronic hypoxia during the early postnatal period may induce the formation of RGCs in the rat forebrain (Ganat et al., 2002) .
We reported previously that adult NSC proliferation induced by growth factor infusions resulted in newly generated neurons within the striatum, some of which migrated long distances away from the adult forebrain subependyma (Craig et al., 1996) . In that study, long distance neuronal migration was observed in the striatum of animals that had been infused with either EGF or TGF␣ but not those that had received FGF-2 infusions. In agreement with these findings, a recent study demonstrated that the infusion of EGF enhanced the endogenous replacement of striatal neurons after stroke, but FGF-2 did not (Teramoto et al., 2003) . Given that EGF infusion in unlesioned animals has been shown to inhibit neurogenesis in the subependyma (Kuhn et al., 1997; Doetsch et al., 2002) , it seems likely that this increase in new neurons within the striatum of animals with strokes and EGF infusions is caused primarily by enhanced lateral migration. Taken together with the observations in the current study, Figure 10 . Ependymal cells display regional differences in their morphological changes but do not proliferate in response to EGF. A, After EGF infusions, ependymal cells (identified by s100␤ expression; green) extended basal processes on the lateral aspect of the lateral ventricles (arrowhead) but underwent somal translocation on the dorsal aspects of the ventricle (arrow). Scale bar, 100 m. B, Closer examination of ependymal cells on the dorsal aspect of the lateral ventricles of EGF-infused animals revealed the presence of bipolar ependymal cells. Arrow indicates an apical process attached to an end foot at the ventricular surface. Arrowhead indicates a basal process extending dorsally toward the cortex. C, Ependymal cells on the medial aspects of the lateral ventricles occasionally underwent somal translocation (white arrowheads), leaving apical processes attached to end feet at the ventricular surface (white arrows; note the absence of the blue Hoechst nuclear label). Other medial ependymal cells (red arrows; distinguished from end feet by the presence of Hoechst staining) extended basal processes only. Scale bar: (in C) B, C, 10 m. D, Ependymal cell processes extended to the lateral limit of the subependyma (SE) and were never observed exiting into the striatum (STR). Scale bar, 10 m. E-J, Double labeling revealed that ependymal cells (green) in EGF-infused animals did not incorporate BrdU (E-G; red). Ambiguous cells were analyzed by confocal microscopy, but no BrdU-labeled ependymal cells were observed (I is a 180°vertical rotation; J is a 90°horizontal rotation; arrows indicate BrdU labeling outside of the ependymal cell soma. Scale bars:
whereby EGF or TGF␣ induced the generation of functional RGCs within the adult subependyma and FGF-2 did not, it seems reasonable to conclude that RGCs play an important role in redirected neurogenesis after both stroke and growth factor infusions.
It is noteworthy that some but not all of the BrdU-labeled cells or doublecortin-expressing neurons located outside the subependyma were closely associated with RGC processes. The non-RGC-associated cells may have already terminated RGC-guided migration or migrated via an alternative mechanism. Indeed, only a subpopulation of neurons generated within the ventral telencephalon migrate on RGCs during development (Halliday and Cepko, 1992) . Also, previous studies show that very few new neurons successfully migrate into the striatum from the subependyma after either stroke (Arvidsson et al., 2002) or growth factor infusion (Craig et al., 1996) . Therefore, it will be important to determine whether other factors, which either further promote RGC differentiation, such as neuregulin 1 (Schmid et al., 2003) , or enhance neurogenesis, such as erythropoietin , may further enhance the successful mobilization of newly generated neurons out of the adult subependyma to regions of brain injury.
Our results strongly argue that the absence of RGCs in the adult forebrain is likely caused, in part, by the environment of the adult CNS no longer supporting their generation; however, our results suggest that adult forebrain EGF-responsive NSCs do retain the capacity to give rise to RGCs. Then how does one reconcile the lack of RGC generation within the adult mammalian forebrain, when the results of an earlier study of TGF␣ hypomorphs suggested that TGF␣ mediates proliferation in the postnatal subependyma (Weickert and Blum, 1995) ? In a more recent study, Tropepe et al. (1997) found that TGF␣ null mutant mice displayed decreased proliferation exclusively in the dorsolateral corner of the lateral ventricles; however, no decrease was observed in other subependymal regions in which NSCs are thought to reside (Doetsch et al., 1999) . It may be that FGF-2 regulates the low level of intrinsic adult NSC proliferation and TGF␣ acts on more restricted progenitors. Indeed, forebrain adult NSCs proliferate in response to FGF-2 in culture (Gritti et al., 1996) , and both FGFR1 and FGF-2 (Gonzalez et al., 1995) are expressed in the adult subependymal zone. In this scenario, when EGF or TGF␣ are infused into the lateral ventricles, they stimulate NSC proliferation, RGC generation, and differentiation in a manner that does not occur in their absence or restricted expression.
It has been suggested that, in some cases, mature astrocytes can dedifferentiate into RGCs in the appropriate environment (Hunter and Hatten, 1995) . Thus, it may be that the RGCs observed in the subependyma of EGF-or TGF␣-infused animals may not be newly generated but rather are dedifferentiated astrocytes. RGCs within EGF-or TGF␣-infused animals expressed RC2 and did not express GFAP, however, and there was no apparent loss of GFAP-expressing cells in the subependyma of EGFor TGF␣-infused animals (compare GFAP expression in Fig. 6 , I and J, with Fig. 8, A and B) . This suggests that the GFAPexpressing astrocyte population of the subependyma did not dedifferentiate into RC2-expressing RGCs. Furthermore, our in vitro analysis demonstrated that adult NSCs induced to proliferate in response to EGF to form neurospheres gave rise to many newly generated cells that coexpressed the RGC markers RC2, BLBP, and nestin. Therefore, adult NSCs do proliferate in response to EGFR signaling to give rise to many new cells that express these markers and become functional RGCs. These findings suggest that the majority of the RC2-expressing cells, within the subependyma of EGF-and TGF␣-infused animals, are newly generated.
Insights into the putative origin and potential of adult forebrain ependymal cells An unexpected finding in this study was that ϳ50 -65% of adult ependymal cells extended a basal process in response to the activation of EGFR signaling. No direct studies support the hypothesis that adult ependymal cells are derived from the radial cell populations within the developing brain germinal zone; however, the ability of these cells to adopt a radial morphology strongly argues that adult ependymal cells may be related to these earlier radial cell populations. It has been reported that a subpopulation of adult forebrain ependymal cells (tanycytes) normally extend basal processes; however, these cells are extremely rare in the forebrain (Doetsch et al., 1997) . More recently, EGF was shown to induce an increase in the number of type B cells contacting the ventricles (Doetsch et al., 2002) , and thus it may be that the radial, s100␤-expressing cells that we observed were not ependymal cells but rather type B cells that had moved to the ventricular surface. We believe that this is unlikely, however, because type B cells normally proliferate in response to EGF (Doetsch et al., 1999 ), yet none of the s100␤-expressing cells lining the ventricles proliferated in response to EGF in our study, which is consistent with the postmitotic character of adult ependymal cells (Chiasson et al., 1999; Doetsch et al., 1999) rather than type B cells. Thus, the numerous process bearing s100␤-expressing cells that we observed lining the lateral ventricles most likely are common cuboidal adult ependymal cells extending new processes in response to EGFR signaling.
Most noteworthy and intriguing was the region-specific ependymal response to EGF. Dorsal and medial ependymal cells responded to EGFR signaling by undergoing somal translocation away from the ventricular surface and adopting a pseudostratified organization, at times becoming bipolar. This reaction was not observed by ventrolateral ependymal cells, suggesting a difference between these two ependymal cell populations. During development, nearly all radial cells within the cortical germinal zone appear to function as precursor cells (Malatesta et al., 2000; Hartfuss et al., 2001; Miyata et al., 2001; Noctor et al., 2002) . Additionally, a recent study has demonstrated that radial precursor cell populations of the dorsal telencephalon are far more neurogenic than those residing in the ventrolateral telencephalon (Malatesta et al., 2003) . Given these findings, it will be of interest in the future to determine whether dorsal-medial ependymal cells are descended directly from cortical precursor cells and whether they retain the ability to function as precursor cells. Such analyses are particularly warranted given the unresolved controversy regarding adult ependymal cells. Several groups have presented evidence suggesting that adult forebrain ependymal cells may be NSCs (Johansson et al., 1999; Rietze et al., 2001) and that ependymal cells in the spinal cord can function as precursor cells (Johansson et al., 1999; Fu et al., 2003) ; however, the idea that adult ependymal cells are precursor cells, or even capable of proliferation, has been disputed vigorously by others (Chiasson et al., 1999; Doetsch et al., 1999; Morshead and van der Kooy, 2001; Capela and Temple, 2002) . In any case, although our results demonstrate that either dorsal or ventral populations of adult forebrain ependymal cells have the capacity to apparently dedifferentiate and resemble primordial precursor cells, they did not proliferate in response to EGFR signaling. Therefore, other signaling molecules such as FGFR ligands, which are known to regulate precursor proliferation during cortical neurogenesis, may be required to drive ependymal cells to become mitotically active. This remains an intriguing and important avenue for future investigation.
